The far-infrared vibrational spectra for charged vanadium clusters with sizes of 3-15 atoms have been measured using infrared multiple photon dissociation of V n + Ar→ V n + + Ar. Using density-functional theory calculations, we calculated the ground state energy and vibrational spectra for a large number of stable and metastable geometries of such clusters. Comparison of the calculated vibrational spectra with those obtained in the experiment allows us to deduce the cluster size specific atomic structures. In several cases, a unique atomic structure can be identified, while in other cases our calculations suggest the presence of multiple isomers.
I. INTRODUCTION
Small clusters or nanoparticles exhibit properties that are often quite different from those in the bulk phase. For example, small metal clusters have been shown to exhibit unusual magnetic properties. 1 In particular, vanadium clusters have been predicted to have large magnetic moments. [2] [3] [4] [5] [6] Small nanoparticles also play an increasingly important role in catalysis. 7, 8 With new approaches in synthesis, it may become feasible to control the size and possibly also the structure of the nanoparticles, and thus to control their properties. Therefore, it is paramount to gain a better understanding of the atomic structure and properties of small metal clusters.
Direct experimental measurements of the atomic arrangements of small metal clusters are difficult. Various isomers may exist that are stable or metastable configurations. Recently, information on the geometric structure of Ag and Au clusters has been obtained by measuring their collision cross sections in an ion mobility experiment. 9 However, this approach only gives information about the size, but not about the internal structure of the clusters. Optical and photoelectron spectroscopies allow for the determination of the electronic structure, which gives indirect information on the atomic structure. In a few cases, vibrational resolution has been obtained with such techniques, but this results only in a small section of the vibrational spectrum. In principle, the determination of the vibrational spectra is desirable, since it maps the forces between the atoms and thereby reflects the structure of the cluster. Raman spectroscopy has been applied to some small mass selected clusters, which are accumulated and embedded in rare gas matrices. 10, 11 Nevertheless, the requirement of mass selection limits the practicability of this method and, additionally, the matrix can affect the properties of the embedded clusters.
In order to determine the structure of the clusters, such experiments need to be complemented with theoretical studies. Density-functional theory ͑DFT͒ calculations can be used to compare the total energy of a number of cluster isomers of different geometric and electronic structures, thus predicting the energetically preferred structure. For example, Grönbeck and Rosén 12 performed DFT calculations to predict the ground state structure of neutral vanadium clusters of size 2 to 8. In a later study, Wu and Ray 13 presented DFT results for neutral and cationic vanadium clusters in the size range from 2 to 9. A recent DFT study by Li et al. 14 reports results for neutral, anionic, and cationic vanadium clusters of sizes up to 8. Studies that are based on empirical potentials 15 and the tight binding method 16, 17 have looked at the optimized atomic structure for even larger neutral vanadium clusters.
However, the isomer that is calculated to have the lowest energy is not necessarily the one that is actually present in the experiments. There are several reasons for this: several structures may be very close in energy, so that present-day exchange-correlation functionals are not sufficiently accurate to decide which of them may be the most favorable. Second, for kinetic reasons, the experiment may favor metastable structures.
In this paper we present the details of a combined theoretical and experimental study on the structure determination of metal clusters. We have recently shown that multiple photon dissociation spectroscopy on metal cluster rare gas complexes allows for the determination of cluster size specific far-infrared spectra, and that a comparison with vibrational spectra calculated by DFT can be used to determine the atomic structure, 18 because these spectra are typically rather different for different atomic configurations. The experimental setup and experimental details are described in Sec. II. The computational procedure and details are given in Sec. III. Finally, in Sec. IV we give a detailed comparison for all the vanadium clusters of size 3 to 15 studied here, and illustrate how the combination of the ground state energy and the comparison of the IR spectrum allows us to identify the atomic structure for most of these clusters.
II. THE EXPERIMENT
The experiments are carried out in a molecular beam setup that is coupled to the beam line of the Free Electron Laser for Infrared experiments ͑FELIX͒. This laser can produce intense, several microseconds long pulses of tunable IR radiation in the range of ϳ40-2000 cm −1 . Each pulse consist of a train of ϳ0.3-3 ps long micropulses of typically ϳ10 J, spaced by 1 ns. The time and intensity profile of the radiation makes FELIX a suitable tool for studying multiple photon excitation processes in molecules or clusters. 19 Some details of the experimental setup have already been given in Ref. 18 , and will also be described more extensively elsewhere. 20 In short, cationic vanadium clusters V n + are formed in a laser vaporization cluster source by ablating a vanadium target and quenching the plasma with a short pulse of a gas mixture of 0.5 % Ar in He ͑see Fig. 1͒ . Complexes with Ar atoms ͑V n + Ar͒ are formed after passing through a copper channel that is cooled to about 80 K. The molecular beam containing these complexes is overlapped with the far-IR output of FELIX. Resonant absorption of one or multiple IR photons by the complexes can be followed by evaporation of single or more Ar atoms from the complex leading to decreases in their abundances. These complex abundances are measured using a reflectron time-of-flight mass spectrometer as a function of the IR wavelength. After normalization for laser power variations and intensity fluctuations stemming from the cluster source, one obtains the absorption spectra of the corresponding vanadium cluster complexes. Although the thus obtained spectra correspond to the spectra of the Ar complexes, the vanadium clusters are the active chromophore and the influence of the Ar atoms is assumed and expected to be negligible. The spectra are recorded in the frequency range where one expects the metal cluster vibrations, between 140 and 450 cm −1 . The IR induced changes in the complex intensities are converted to absorption cross sections ͑͒ and normalized for variations of the laser power P͑͒ over the tuning range using ͑͒ = ln͓I 0 /I͔͑͒/P͑͒, where I͑͒ and I 0 are the intensities of a certain V n Ar + complex with and without FELIX irradiation, respectively. This procedure assumes a one-photon absorption process. However, the binding energies of Ar atoms are on the order of 0.1 eV, 21, 22 which implies that the dissociation follows the absorption of multiple photons. In addition, the spectral width and shape of the focussed beam are changing with wavelength, and it is therefore not at all clear if this simple normalization suffices.
Most of the experimental spectra are obtained on the monoargon complex, and especially for the larger clusters the spectra do not depend on the number of attached argon atoms. However, for some complexes we observe distortion of spectral features or disappearance of some bands because of formation of those complexes as a result of fragmentation of higher argon complexes. This effect appears mainly at lower frequencies where the IR laser intensity is relatively low and the excitation does not necessarily lead to complete evaporation of all argon atoms. Therefore, for some clusters ͑n = 5-7͒, spectra of complexes with more argon atoms are used as these complexes suffer less from the interference of dissociation of larger clusters.
In addition to experimental effects, the appearance of the IR spectra can be influenced by the mechanism of multiple photon absorption. The successive resonant absorption of multiple photons depends on a fast intramolecular vibrational energy redistribution. The time scale for this process is much faster than the duration of the excitation pulse ͑ϳ5 s͒ and therefore the absorption/redistribution cycle can be accomplished up to several hundred times for one cluster during a single pulse. However, vibrational energy redistribution depends on a high density of vibrational states and for the smallest clusters it can be inefficient, especially at low energy. This can affect the intensities of low energy bands or even lead to their disappearance. Furthermore, the ͑cross͒ anharmonicities can lead to small redshifts of the absorption bands relative to the bands in single photon absorption spectra. 23 FIG. 1. Scheme of the experimental setup for the IR multiple photon dissociation spectroscopy of the argon complexes of metal cluster cations.
III. DENSITY-FUNCTIONAL THEORY CALCULATIONS

A. Computational procedure
The DFT calculations are carried out using the DMOL 3 code, 24 which is an all-electron code that uses numerical atomic orbitals as a basis set. It is an extremely efficient code for small clusters. In all calculations shown below, we use an all-electron basis set that consists of 24 basis functions for each atom. The basis functions are truncated at a real space cutoff radius of 12 bohrs. Details of the convergence tests are given in the Appendix.
We employed the following computational procedure: First, we calculated the ground state energy for a large number of geometries for the clusters of each size. The atomic positions of the structures were always relaxed. As initial geometries we started with all the structures that have been discussed previously in the literature. [12] [13] [14] [15] [16] [17] In addition, we tried a large number of different geometries that were derived from previously calculated structures. For example, for many clusters one can describe the geometry as a superposition of smaller building blocks that typically are trigonal, tetragonal, pentagonal, or hexagonal pyramids. Thus, one can often simply add or subtract an atom from a cluster of size n to obtain a start geometry for a cluster of size n +1 or n − 1. In this manner, we typically generated at least ten or more different geometries for each size. It is important to emphasize that finding the correct initial geometry is a major challenge. As the cluster size increases, the number of possible atomic configurations increases dramatically. Therefore, it is possible that for certain cluster sizes ͑in particular, the larger ones͒ we did not find the correct atomic structure. We also note that it is important to not enforce any symmetry. In fact, slightly distorted structures are often more favorable than highly symmetric ones.
We also tested the different possible spin states for all clusters. The effect of the spin state will be illustrated below. Once the structures and spin states that are energetically most favorable were detected, we calculated the vibrational spectrum of these systems. This was done by displacing each atom in each direction, in order to evaluate the 3n dimensional force-constant matrix. Then we diagonalized the resulting dynamical matrix. The IR intensities were obtained from the derivative of the dipole moment. For the purpose of an easy comparison to the experimental data, we folded for all results shown in Sec. IV the calculated spectra with a Gaussian line shape function of half-width of 2 cm −1 .
B. The exchange-correlation functional
All results presented in Sec. IV were obtained using the generalized gradient approximation ͑GGA͒ in the parametrization of Perdew, Burke, and Ernzerhof ͑PBE͒ ͑Ref. 25͒ for the exchange-correlation ͑XC͒ functional. However, an important question that one needs to ask is whether the results for the energy differences between different structures and the calculated vibrational spectra are sensitive to the choice of the XC functional. We have therefore tested the importance of the choice of the XC functional. In Figs. 2 and 3 we compare results obtained with the GGA in the PBE parametrization to results obtained with the GGA in the RPBE parametrization, 26 and to results in the local-density approximation ͑LDA͒. 27 The geometries were all relaxed for each of the XC functionals. An agreement of all quantities of interest between these three different XC functionals is a good indication for the reliability of the theoretical results. obtained with the GGA within the PBE ͑left͒ and the RPBE ͑middle͒ parametrization, as well as with the LDA ͑right͒. The relative energies are given in eV. Note that no scaling factor has been applied.
In Fig. 2 we show the calculated spectra for the four lowest energy structures for V 8 + , which are labeled ͑A͒-͑D͒. In Fig. 3 we show the calculated spectra for the two lowest energy structures for V 9 + . They are labeled ͑A͒ and ͑B͒, and have a spin of S = 1. The corresponding structures with spin state S = 0 are labeled ͑AЈ͒ and ͑BЈ͒. The exact atomic configurations are shown in Figs. 10 and 12. We chose these two cluster sizes because they are approximately in the middle of the size range studied in this paper. V 8 + is very representative for a cluster where the energetically most preferred isomers have rather different atomic structures, while V 9 + is representative for a cluster where the structural and energetical differences for the lowest energy isomers are rather subtle.
The main observations when comparing the IR spectra obtained with different XC functionals are that for all structures shown, the spectra are very similar. The peaks for the two different GGA parametrizations are almost at the same positions, while the LDA peaks are shifted to larger frequencies. This can easily be explained by the well-known overbinding for the LDA, which leads to larger force constants. But there are subtle differences in the spectra, in particular, in the relative strength of the peaks that are an indication for the accuracy we can expect from this type of calculation. For example, for structure ͑AЈ͒ for V 9 + the relative intensity of the two main peaks changes by almost 50% between the different XC functionals. Similar effects can be seen for the other structures as well.
The results for the different XC functionals also indicate that one has to be particularly careful in the interpretation of the data when two peaks are very close. For example, for structure ͑B͒ for V 8 + , we see a strong peak at Ϸ250 cm −1 and a broader peak at Ϸ360 cm −1 for the PBE-GGA parametrization. This latter peak is actually a double peak, as can be seen best from the LDA results. Similarly, it appears that the spectrum for structure ͑BЈ͒ for V 9 + is slightly different for different XC functionals. The spacing and relative strengths of the first eight peaks change slightly between the different XC functionals. Most prominently, it appears that there is one additional peak in the RPBE parametrization. However, close inspection of our results shows that the peak at second largest wave number obtained with the PBE-GGA XC functional ͑located at Ϸ350 cm −1 ͒, and the peak at second largest wave number obtained with the LDA functional ͑located at Ϸ380 cm −1 ͒ do actually consist of two peaks. We note that peaks that are that close are not possible to distinguish experimentally. These observations will guide us in the interpretation of the experimental spectra ͑below͒.
We now turn our attention to the reliability of the calculated energy differences. For structures ͑A͒-͑C͒ for V 8 + , the energy differences are essentially the same within the PBE and RPBE treatments of the GGA. They are also very similar to the LDA results. The only noticeable difference is structure ͑B͒, which is Ϸ0.15 eV more favorable within the LDA. For structure ͑D͒ the energy differences to structure ͑A͒ are the largest among the different XC functionals. Structure ͑D͒ has a much higher relative energy, and different local minima exist, that correspond to different distortions. Using the LDA functional, the system converges to a differently distorted structure upon relaxation of the geometry.
For the second system discussed here, V 9 + , the situation is slightly more complex. The PBE and RPBE parametrization give the same energy ordering for the different structures and the different spins. The differences are very small, less than 0.1 eV. However, if we compare the GGA results with the LDA results, we see differences: With the LDA, structure ͑AЈ͒ with spin S = 0 is favored, and structure ͑A͒ with S =1 is higher in energy by 0.13 eV. The energy differences between ͑A͒ and ͑B͒ and ͑AЈ͒ and ͑BЈ͒ are similar to the GGA results. We conclude that the energy difference of the same system with different spins is not always well produced when the difference is small, and in fact for this particular case the order is reversed. From these calculations we estimate that the energy difference between different spins has an accuracy of only 0.2 eV, while the energy difference between systems with the same spin is accurate to within 0.1 eV.
C. Vibrational-free energies
The DFT calculations as discussed so far only give the total energy for each system. In this paper, we also include the contributions of the vibrational degrees of freedom to the free energies. The vibrational contribution to the free energies are calculated according to
where the sums go over all vibrational modes with frequency , k B is the Boltzmann constant, h is Planck's constant, and T is the temperature. The first term corresponds to the vibrational energy, while the second term represents the vibrational entropy. We find that the total contribution to the free energy due to the vibrational terms is typically of the order of several tenths of an eV, but the contribution to the energy differences is much smaller. As an example, the temperature dependence of the vibrational energy for V 8 + is shown in Table I for different structures. We get similar ͑or even smaller͒ contributions for all other clusters. In fact, with the exception of structure ͑D͒ for V 8 + , this additional contribution is less than 0.1 eV for all systems discussed in this paper, for temperatures up to 300 K. In particular, the contribution to the energy differences due the vibrational terms in the free energy is smaller than the accuracy of the calculations, and is therefore not relevant. Nevertheless, all energies quoted in this paper include the contributions of the zero-point vibrational energy.
D. Scaling of the frequencies
It is a well known problem that the vibrational frequencies that are calculated from DFT are slightly shifted compared to the experimental ones. This is partly related to the fact that the bulk lattice constant is slightly overestimated ͑underestimated͒ within the GGA ͑LDA͒. It is therefore common to apply a scaling factor to the calculated frequencies to bring the calculated spectra in better agreement with the ones measured experimentally. We apply a common, constant factor of 0.87 to all the results shown in Sec. IV. This factor is obtained from the calculations for the vanadium dimer: We calculate a frequency of 618 cm −1 for V 2 using the GGA with PBE, which is in good agreement with the values of 628 cm −1 and 596 cm −1 that were calculated by Grönbeck and Rosén 12 and Calaminici et al., 28 where the LDA with gradient corrections, and the GGA were used, respectively. The experimental value 29 is 538 cm −1 , so the ratio of the experimental value to the one calculated by us is 0.87. We note that a scaling factor of 0.89 would result for GGA with RPBE, and a smaller scaling facor of 0.82 would result for the LDA. A smaller scaling factor for the LDA is consistent with the well known overbinding. The bond length for V 2 was calculated to be 1.77 Å, in excellent agreement with the experimental value 30 of 1.77 Å, and with previous DFT results of 1.77 Å and 1.802 Å by Grönbeck and Rosén 12 and Calaminici et al., 28 respectively. We also note that the calculated bond length for V 2 + of 1.76 Å agrees very well with the experimental value 31 of 1.735 Å. We apply the same scaling factor of 0.87 to all frequencies shown, even though it is conceivable that this scaling factor should be slightly different for clusters of different size, or different symmetry. When comparing the experimental to the theoretical spectra it is therefore more relevant to focus on the ͑relative͒ spacing between different peaks in the spectrum, rather than on the agreement of the absolute frequencies.
E. The Effect of the rare gas atoms
All the calculations presented below are for V n + clusters, while the experimental spectra are obtained from the dissociation of V n Ar + → V n + + Ar. This is justified, because the rare gas atoms bind only very weakly to the V n + cluster. Nevertheless, we did calculations to check this assumption. For V 3 + and V 4 + , we have calculated the vibrational spectra of the lowest energy structures with an additional Ar atom attached. We find that the calculated frequencies as well as the relative line intensities are essentially unaffected ͑changes are less than 3 cm −1 ͒, and that the binding energy of the Ar atom is only about 0.1 eV.
IV. RESULTS: COMPARISON OF CALCULATIONS WITH EXPERIMENT
In Sec. IV A we will discuss some general trends. Then, we will present results for all clusters containing from 3 to 15 atoms in Sec. IV B-IV N. For each of these subsections we will show one key figure that includes the structure representation of the most stable configurations at the top, the experimentally measured spectrum below, and the calculated spectra for all the relevant structures underneath. We will always consider at least two different geometric structures and often several different spin states. In the discussion below, structures that have almost the same geometry, but a different spin state, will also be referred to as different structures. The spin state of the structures considered, as well as the energy difference ͑in eV͒ relative to the most stable structure are noted in the figure.
A. General trends
Our theoretical results clearly show that each cluster has a very distinct vibrational spectrum. Some clusters exhibit very few peaks, while other clusters ͑that might differ in the number of atoms by just one͒ have many peaks, indicating a significant change in the symmetry of the atomic arrangement.
In Fig. 4͑a͒ we show the binding energy per atom as a function of the cluster size. It decreases monotonically, and approaches the value of the cohesive energy. The latter has been calculated for neutral vanadium bulk in the bcc structure as E coh = −4.60 eV, which is larger than the experimental value of Ϫ5.31 eV. The energy decrease is rather smooth; in particular, the binding energy per atom does not exhibit strong quantum size effects or large jumps in the energy. Only upon close inspection one might argue that the decrease in energy per atom is particularly strong for the clusters of size 8, 10, and 13, indicating that these are more stable ͑rela-tively͒ than the other sizes. This can also be seen in Fig. 4͑b͒ , where we plot the discrete second derivative of the binding energy for each cluster E NN ͑i͒ = ͓E͑i −1͒ −2E͑i͒ + E͑i +1͔͒ /2, which has minima for sizes 8, 10, and 13.
Our results show that the structures with the lowest energy are also the ones with the lowest possible spins. Since vanadium has 23 electrons, and we consider cationic clusters in this study, this means that we typically get spin S = 0 for clusters with an odd number of atoms, and S =1/2 for clusters with an even number of atoms. This is in agreement with experimental results for neutral vanadium clusters, where it has been found that at low temperatures the low spin structures are preferred. 32 The only exception in our calculations is V 5 + . There, however, the energy differences of structures ͑A͒ and ͑B͒ with S = 1 to the same structures with S = 0 are found to be within the accuracy of our calculations, so that we cannot predict with certainty which of these four systems will be the true ground state structure.
B. Results and discussion for V 3 +
We find several local minima for V 3 + . Our calculations indicate that an isosceles triangle with bond lengths 2.14 Å, 2.14 Å, and 2.28 Å, with a spin of S = 0 is preferred ͓structure ͑A͒ in Fig. 5͑a͔͒ . A similar triangle with bond lengths 2.15 Å, 2.15 Å, and 2.24 Å with S = 1 is slightly higher in energy ͓structure ͑B͔͒. We also discuss a third structure ͑C͒, where the isosceles are longer than the base ͑2.24 Å, 2.24 Å, and 2.04 Å, respectively͒, with a spin S = 1. The calculated spectra for all three structures are shown in Fig. 5͑c͒ . In the calculations we find that the spectra are dominated by one strong peak, that is shifted slightly, depending on the aspect ratio of the triangular bonds. It is expected that for the trimer in C 2 symmetry, all three vibrational modes are infrared active, whereas in D 3h symmetry only one mode is infrared active.
Within the experimentally studied frequency range only one peak at 231 cm −1 has been found. This would be close to the calculated band positions of 204 cm −1 for structure ͑B͒ or 210 cm −1 for structure ͑C͒. A second vibrational transition is known from earlier pulsed field ionization zero kinetic energy ͑ZEKE͒ photoelectron spectroscopy experiments by Yang and co-workers. 33, 34 In their spectra a feature 172 cm −1 apart from the band origin has been attributed to a transition between the ground electronic state of V 3 to the first excited level of a totally symmetric vibration mode of the ground electronic state of V 3 + . However, this interpretation may not be appropriate if the ground state structures of neutral and cationic trimer are very different. We do not observe a peak at this wave number and it is not clear if this is due to a low IR intensity ͑or even IR inactivity in case of D 3h symmetry͒ of this mode or if its absence is related to the low density of vibrational states of V 3 + at low energy ͑see above͒. If only the experimental vibrational frequencies are compared to the calculated values for the different structures, the presence of ͑A͒ is rather unlikely since it has no transition around 230 cm −1 . Structure ͑B͒ fits much better with transitions at 142 cm −1 and at 204 cm −1 ; however, these frequencies are both about 30 cm −1 too low when compared to the ZEKE and IR experiments, respectively. Also ͑C͒ would be in rather good agreement with a frequency at 212 cm −1 . Additional modes are found for ͑A͒, ͑B͒, and ͑C͒ at 333 cm −1 , 333 cm −1 , and 382 cm −1 , respectively, but these have only low IR intensity.
Due to the small energy differences of the three calculated structures, and the uncertainty in the calculated band positions, we cannot unambiguously identify which bond lengths and aspect ratio of the triangular structure is seen in the experiment.
In previous studies 12, 13 an isosceles triangle for the neutral vanadium trimer has been suggested. An isosceles triangle for neutral and charged trimers has been reported by Li et al.
14 However, our results do not agree with the calculations of Wu and Ray 13 and Calaminici et al., 28 who found that an equilateral triangle is preferred for the cationic trimer. We note that Calaminici et al. also discuss an isosceles triangle ͑that is slightly higher in energy͒ that has almost identical bond length as our structure ͑A͒. We have carefully investigated this issue, and found that any equilateral structure relaxes into one of the isosceles structures. We note that the linear trimer structure ͑not shown here͒ is significantly higher in energy ͑and in fact is not stable upon small distortions͒.
We have also tested the effect of the Ar atom on the calculated vibrational spectrum for V 3 + for structure ͑A͒. We find that the Ar atom is bound very weakly with Ϸ0.1 eV. The position of the Ar atom is in the plane of the triangle above the apex. The vibrational spectrum is almost identical, as can be seen in Fig. 5͑d͒ . In particular, the main peak is still at 159 cm −1 , just as for structure ͑A͒ without an Ar atom. In the spectrum of the V 3 Ar + complex there are two additional peaks at low frequencies, corresponding to the weakly bound Ar atom. We therefore confirm that the Ar atom has essentially no effect on the vibrations of the V 3 + ion.
C. Results and discussion for V 4 +
We find that a trigonal pyramid as shown in Fig. 6͑a͒ is the energetically preferred structure for V 4 + . The result is in ͑a͒ Schematic representation of the three most stable structures ͑A͒-͑C͒. Since they are very similar ͑and only differ slightly in bond lengths͒, only one picture is shown; ͑b͒ the spectrum measured experimentally; ͑c͒ the spectrum calculated for the structures ͑A͒-͑C͒; ͑d͒ the spectrum of structure ͑A͒ with an Ar atom attached. The energy differences shown are in eV.
agreement with the calculations of Wu and Ray. 13 A planar structure has been predicted for neutral vanadium tetramers [12] [13] [14] and in a recent study for V 4 + by Li et al. 14 We find that a planar structure is much higher in energy for the cations. In Fig. 6͑c͒ we show the calculated spectra of three trigonal pyramids that differ slightly in how they are distorted and thus differ in bond lengths. In addition, we show the calculated spectrum of the planar structure ͑D͒. Among the pyramid structures, structure ͑A͒ is the most symmetric one, where two ͑opposite͒ bonds have lengths of 2.21 Å, and 2.29 Å, respectively, while the remaining four bonds are 2.32 Å. Structures ͑B͒ and ͑C͒ are more distorted, with bond lengths of 2.45 Å, 2.69 Å, and 2.25 Å ͑four times͒, and 2.13 Å, 2.25 Å, 2.54 Å ͑twice͒, and 2.30 Å ͑twice͒, respectively. Structures ͑A͒ and ͑B͒ have a spin of S =1/2, while structure ͑C͒ has a spin of S =3/2.
The experimental spectrum ͓cf. Fig. 6͑b͔͒ exhibits a strong peak at 198 cm −1 and another weak peak around 255 cm −1 . The later peak appears very noisy, but it is real and can be found also in other data sets. It is found that the positions of the peaks in the spectrum calculated for the most symmetric pyramid ͓structure ͑A͔͒ agree very well with the ones observed experimentally. As mentioned above, the agreement of the ͑relative͒ positions of the peaks is most significant, and the relative values of the intensities might be less reliable ͑in the calculations as well as in the experiment͒. We note that the calculated frequencies for the planar structure ͑D͒ ͑that is less favorable by 0.79 eV͒ are significantly lower than the ones observed in the experiment.
We also tested the influence of the Ar atom on the IR spectrum of V 4 + for structure ͑A͒, which is shown in Fig.  6͑d͒ . Similarly to the results for V 3 + , we find that the Ar is only weakly bound with Ϸ0.1 eV, and that the vibrational spectra are very similar for V 4 + and V 4 + Ar. In particular, we find that the two main peaks for structure ͑A͒ at 254 cm for V 4 + Ar. The only noticeable effect is that the peak at 210 cm −1 is more pronounced.
D. Results and discussion for V 5 +
The calculations for V 5 + reveal that the structure with the lowest energy is a ͑slightly buckled͒ tetragonal pyramid with a spin S =1 ͓structure ͑A͒ in Fig. 7͑a͔͒ . It is Ϸ0.1 eV lower in energy than a trigonal bipyramid with S =1 ͓structure ͑B͔͒. A spin state that is not the lowest possible spin state has also been reported in optical absorption spectroscopy experiments 35 for V 5 + . Both structures exhibit only one peak in the vibrational spectrum, which is shifted slightly to the blue for structure ͑B͒. The similarity of the spectra for the two structures is due to the fact that a buckled tetragonal pyramid can be the same as a distorted trigonal bipyramid. Our results are in agreement with previous studies. For cationic, 13, 14 anionic, 14 and neutral 12,14,15 V 5 , the trigonal bipyramid was found to be energetically preferred. However, the DFT study of Wu and Ray 13 and a later molecular dynamics study 17 find the ͑buckled͒ tetragonal pyramid to be the energetically preferred structure.
FIG. 6. Results for V 4
+ . ͑a͒ Schematic representation of the four most stable structures ͑A͒-͑D͒. Since structures ͑A͒-͑C͒ are very similar ͑and only differ slightly in bond lengths͒, only one picture is shown; ͑b͒ the spectrum measured experimentally; ͑c͒ the spectrum calculated for the structures ͑A͒-͑D͒; ͑d͒ the spectrum of structure ͑A͒ with an Ar atom attached. The energy differences shown are in eV.
FIG. 7. Results for V 5
+ . ͑a͒ Schematic representation of the three most stable structures ͑A͒-͑C͒; ͑b͒ the experimental spectrum is constructed from the data for V 5 + Ar 2 and V 5 + Ar 4 ; ͑c͒ the spectrum calculated for the structures ͑A͒, ͑B͒, ͑AЈ͒, ͑BЈ͒, and ͑C͒. The energy differences shown are in eV.
The same structures ͑AЈ͒ and ͑BЈ͒ with spin S = 0 are both slightly higher and energy, but have rather different spectra. However, the energy differences in both cases are only about 0.1 eV, which is close to the expected accuracy of our calculations, in particular, when different spin states are considered. We also show results for the planar structure ͑C͒, which is much higher in energy, and also has a completely different spectrum.
The experimental spectrum for V 5 + shows a peak at 232 cm −1 , and a broad feature around 290 cm −1 . The peak at 232 cm −1 is very well reproduced by the calculations for structure ͑A͒ ͓or also structure ͑B͔͒ with S = 1. The additional ͑broad͒ peak in the experimental data is not found in our calculations for the lowest energy structures ͑A͒ and ͑B͒ with S = 1. However, structure ͑AЈ͒ with S = 0 has two additional peaks, between 250 cm −1 and 290 cm −1 , that could match the broad experimental peak around 290 cm −1 . Thus, in the IR spectra best agreement is obtained between the experimental spectrum and that of ͑AЈ͒.
E. Results and discussion for V 6 +
The most stable structure for V 6 + is a tetragonal bipyramid. This is in agreement with previous results 12,13,15,17 that all predict this structure. We have also tested a number of additional structures, but they are all significantly higher in energy. In particular, structure ͑D͒ has been suggested previously 12, 14 but our calculations predict this structure to be 0.54 eV higher in energy. However, we find that different local minima for the tetragonal bipyramid exist, that all correspond to slightly different degrees of stretching and distortion from the most symmetric arrangement. All have a spin of S =1/2 ͑and the same structures with different spin are all higher in energy͒.
In Fig. 8 we show the spectra of the four most favorable structures. All tetragonal bipyramids have three major peaks, with one at 245 cm −1 , and two more peaks at higher frequencies. The spacings between the peaks depends on the distortions of the structures, with the least distorted structure ͑C͒ exhibiting the smallest splitting. Here, the four base bonds ͑almost horizontal in Fig. 8͒ are all 2.28 Å, while the eight pyramid bonds are alternating between 2.61 Å and 2.31 Å. Structure ͑B͒ is similar, but with a larger aspect ratio: the four base bonds are 2.26 Å, while the pyramid bonds are 2.63 Å and 2.33 Å. Structure ͑A͒ is the least symmetric structure, with the four base bonds alternating between 2.34 Å and 2.26 Å, and the pyramid bonds are 2.58 Å ͑twice͒, 2.68 Å ͑twice͒, and 2.32 Å ͑four times͒.
All isomers with the tetragonal bipyramidal structure are close in energy and exhibit similar IR spectra. The agreement of the calculated spectra with the experimental one is quite good: the experiments exhibit a well defined peak at 260 cm −1 , in agreement with the one at 245 cm −1 in the calculations. The experiment then shows a broad peak around 280 cm −1 , which could easily be a double peak. Because of the similarity in the calculated spectra, it is hardly possible to decide which of the isomers ͑A͒-͑C͒ is present, or if a superposition of spectra of several isomers is observed. On the other hand, the spectrum for structure ͑D͒ is quite different.
Since structure ͑D͒ is also significantly higher in energy, we can rule out this structure as being responsible for the experimental spectrum.
F. Results and discussion for V 7 +
The DFT calculations of Grönbeck 15 all suggest that a ͑slightly buckled͒ pentagonal bipyramid is the most stable structure. This is the structure that is shown as structure ͑B͒ in Fig. 9 . Our calculations indicate that a strongly distorted pentagonal bipyramid as shown in Fig. 9 is in fact the energetically most stable structure. It is 0.06 eV lower than structure ͑B͒. Structure ͑A͒ could also be described as a tetragonal pyramid with a dimer on the backside of the pyramid ͑the two atoms most to the right in the figure͒. This structure ͑A͒ is actually similar to the second lowest structure in Refs. 13 and 14.
Comparison of the calculated spectra with the one measured experimentally indicates that structure ͑A͒ could indeed be the isomer that is observed in the experiment: the experimental spectrum for V 7 Ar 2 + has a rather broad peak at 315 cm −1 , whereas the calculations for structure ͑A͒ show one strong peak around 305 cm −1 accompanied by a peak of lower intensity at 315 cm −1 . The smaller experimental peak around 268 cm −1 might correspond to the weak feature in the calculations around 275 cm −1 .
FIG. 8. Results for V 6
+ . ͑a͒ Schematic representation of the four most stable structures ͑A͒-͑D͒. Since structures ͑A͒-͑C͒ are very similar ͑and only differ slightly in bond lengths͒, only one picture is shown; ͑b͒ the spectrum measured experimentally for V 6 Ar 2 + ; ͑c͒ the spectrum calculated for the structures ͑A͒-͑D͒. The energy differences shown are in eV.
G. Results and discussion for V 8 +
The four most stable structures for V 8 + are shown in Fig.  10͑a͒ . Structure ͑A͒ is the same that has been predicted for cationic, 13, 14 anionic, 14 and neutral 12-15 V 8 in previous studies. It is a combination of a tetragonal bipyramid with two additional atoms capping two neighboring faces. These two atoms then form an additional dimer bond, which is the horizontal ͑top͒ bond in Fig. 10͑a͒ . The second lowest structure is a buckled hexagonal bipyramid ͓structure ͑B͔͒. Structure ͑C͒ is a variation of structure ͑A͒, while structure ͑D͒ is a combination of several trigonal pyramids ͑that has been suggested to be the second lowest structure in Ref.
13͒. All structures have the lowest energy with spin S =1/2, but the effect of spin is discussed explicitly below for this cluster for structure ͑A͒. The spectrum that has been calculated for structure ͑A͒ ͓cf. Fig. 10͑c͔͒ agrees best with the one that is observed experimentally ͓cf. Fig. 10͑b͔͒ . We therefore conclude that this is the structure of the V 8 + clusters. In Fig. 11 , we compare the spectra calculated for structure ͑A͒ with spins of S =1/2, S =3/2, S =5/2, and S =7/2. The spectra for V 8 + with S =1/2 and S =3/2 are very similar and both could be consistent with the experimental spectrum. On the other hand, for larger spins ͑S =5/2, and S =7/2͒, the spectrum changes significantly. The energy difference between S =1/2 and S =3/2 is 0.42 eV, and it increases even more for the higher spin states. On the other hand, as the spin increases, the atomic structure changes only slightly. This minor change in the geometry is manifested as follows: The top dimer bond ͓the horizontal top bond in Fig. 10͑a͔͒ gets shortened and the two corresponding atoms move further away from the faces underneath. Also, as the spin increases, the underlying tetragonal bipyramidal block changes from a very symmetric structure to one that becomes more and more distorted.
From our calculations we conclude that the atomic structure for V 8 + is the one that is shown as structure ͑A͒, and that in fact it has a low spin state. Our calculations suggest S =1/2.
H. Results and discussion for V 9 +
We find two structures for V 9 + that are very similar in energy. They are shown in Fig. 12 as structures ͑A͒ and ͑B͒. Structure ͑A͒ is a cagelike structure. Structure ͑B͒ can be + . ͑a͒ Schematic representation of the two most stable structures ͑A͒ and ͑B͒; ͑b͒ the spectrum measured experimentally for V 7 Ar 2 + ; ͑c͒ the spectrum calculated for the structures ͑A͒, ͑B͒, and ͑BЈ͒. The energy differences shown are in eV. described as a tricapped triganol prism with approximate threefold symmetry. In fact, the geometries of ͑A͒ and ͑B͒ are not that different: consider the two atoms that are to the far left and right in the picture for structure ͑A͒. If one bends these two atoms downwards ͑and at the same time allows the atoms above to get closer to each other͒, one arrives at structure ͑B͒. We show both structures with both spin states, S = 0 and S = 1. The energy differences between all four isomers are very small, and they are essentially degenerate in energy. Thus, we clearly cannot assign the ground state on energetic arguments alone.
We therefore turn our attention to the comparison of the calculated spectra ͓cf. Fig. 12͑c͔͒ with the one obtained experimentally. The experimental spectrum has three well resolved peaks between 300 cm −1 and 350 cm −1 , and one additional peak around 215 cm −1 . The agreement is best with the spectrum calculated for structure ͑B͒, which also exhibits a succession of three strong peaks ͑between 280 cm −1 and 320 cm −1 ͒, and one additional strong peak to the red. In contrast, the spectrum of structure ͑A͒ does not exhibit these four most prominent peaks. The identification of structure ͑B͒ is also in agreement with the results of Ref. 17 for neutral vanadium clusters. We also note that this structure has also been identified as an important building block for silicon clusters.
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I. Results and discussion for V 10 +
The most stable structure we found for V 10 + is very similar to structure ͑B͒ for V 9 + . It can be described as a bicapped anticube, where two stacked tetragons are rotated against each other, and each is topped off by a tetragonal pyramid. It is shown in Fig. 13͑a͒ as structure ͑A͒. It is the same structure that has been found previously 17 for neutral V 10 . The energetically preferred spin state is S =1/2. Its S =3/2 counterpart ͑AЈ͒ is found to be the second lowest isomer, 0.22 eV higher in energy than isomer ͑A͒. An alternative structure ͑B͒ is also shown; it can be described as a bicapped cube, where the two stacked tetragons are aligned. It is Ϸ0.72 eV higher in energy.
The proper identification of the structure is difficult. The broad experimental peak between 300 cm −1 and 320 cm −1 might actually be a double peak. Then, the spectrum of structure ͑A͒ ͓and also ͑AЈ͔͒ would agree rather well; for structure ͑A͒ we find two peaks just above and below 300 cm −1 . The experiment then shows another prominent peak at 221 cm −1 , with an additional weaker peak at 277 cm −1 . These peaks can also be matched up with the ones obtained for structure ͑A͒. The spectrum for structure ͑B͒ is rather different, and shows only three distinct peaks. The energy of isomer ͑B͒ is significantly higher ͑more than the uncertainty of the calculations͒, and we therefore suggest that V 10 + prefers to have the structure of isomer ͑A͒.
J. Results and discussion for V 11 +
The energetically preferred structures for V 11 + , V 12 + , and V 13 + are all very similar: they are all related to the structure of an icosahedron, and can be described as consisting of two pentagons, that are stacked above each other, and are rotated against each other. Then, one, two, or three more atoms are added to build pentagonal pyramids, and/or are located in the center. For example, the structure with the lowest energy for V 11 + is shown in Fig. 14͑a͒ as structure ͑A͒. It consists of two ͑distorted͒ pentagons with a pentagonal pyramid on top. + . ͑a͒ Schematic representation of the two most stable structures ͑A͒-͑B͒; ͑b͒ the spectrum measured experimentally; ͑c͒ the spectrum calculated for the structures ͑A͒, ͑AЈ͒, ͑B͒, and ͑BЈ͒. The energy differences shown are in eV.
FIG. 13. Results for V 10
+ . ͑a͒ Schematic representation of the two most stable structures ͑A͒-͑B͒; ͑b͒ the spectrum measured experimentally; ͑c͒ the spectrum calculated for the structures ͑A͒, ͑AЈ͒, and ͑B͒. The energy differences shown are in eV.
The calculated spectrum for structure ͑A͒ as shown in Fig. 14͑c͒ agrees very well with the one that has been measured in the experiment ͓cf. Fig. 14͑b͔͒ . The alternative structure with the second lowest energy is structure ͑B͒. It is based on two tetragons ͓similar to structure ͑A͒ for V 10 + and structure ͑B͒ for V 9 + ͔. It is significantly higher in energy, and exhibits a spectrum that is quite different. We therefore conclude that the structure observed experimentally might be the one that is shown as structure ͑A͒. We also show an additional, cagelike structure ͑C͒ that is slightly higher in energy. All structures shown have the lowest energy for a spin of S =0.
K. Results and discussion for V 12 +
The experimental spectrum for V 12 + reveals very distinct peaks at 180 cm −1 , 285 cm −1 , and 307 cm −1 , and a rather broad peak ͑that could easily be a double peak͒ around 354 cm −1 . Structure ͑A͒ is the lowest energy structure: it is a rather symmetric, icosahedral structure. As mentioned above, it is similar to structure ͑A͒ for V 11 + , except that it has two pentagonal pyramids. The calculations for this isomer give two peaks that match very well the experimental peaks at 285 cm −1 and 307 cm −1 ͓cf. Fig. 15͑c͔͒ . However, no other peaks are obtained. Note that the double-peak structure is due to a slight structural distortion from the perfect icosahedron which has only one IR active mode.
Structure ͑B͒ with S =1/2 is only slightly higher in energy ͑0.12 eV͒. It also consists of two ͑rotated͒ pentagons, but only one pentagonal pyramid, and one additional atom in the center. This structure has in fact been predicted to be the energetically preferred structure for neutral V 12 in a previous study. 17 It has two additional peaks between 350 cm −1 and 380 cm −1 , matching the broad ͑double͒ peak that is observed experimentally. In addition, this structure exhibits a peak around 220 cm −1 , which could correspond to the experimental peak in the low frequency range. Both structures ͑A͒ and ͑B͒ are related to the highly symmetric icosahedral structure ͑A͒ for V 13 + ͑cf. Sec. IV L͒: Removing the center atom from structure ͑A͒ of V 13 + leads to structure ͑A͒ for V 12 + , while removing one of the top ͑or bottom͒ outside atoms leads to structure ͑B͒. We also show structures ͑C͒ with S =1/2 and ͑D͒ with S =3/2 that are almost degenerate in energy, and are about 0.6-0.7 eV higher than ͑A͒. Both also exhibit two significant peaks between 320 cm −1 and 360 cm −1 . The experimental spectrum cannot be reproduced by a calculated spectrum of any single isomer. We therefore suggest that the spectrum observed experimentally is due to a superposition of the spectra of the different isomers shown in Fig. 15͑a͒ . Based on the calculated energy differences our calculations suggest that it might be a superposition of the spectra of the structures ͑A͒ and ͑B͒. We note that the presence of different isomers in this size range is well established, for example, for neutral and cationic niobium clusters.
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L. Results and discussion for V 13 + Structure ͑A͒ as shown in Fig. 16͑a͒ is the energetically preferred structure for V 13 + . It is an icosahedral structure with one atom at the center. We also show two additional structures in Fig. 16͑a͒ , and the corresponding spectra in Fig.  16͑c͒ . Structure ͑B͒ is a rather asymmetric structure. Its building blocks are a centered hexagon in the middle, with two atoms ͑forming distorted pyramids͒ above, and four atoms below. It is 0.71 eV higher in energy than structure ͑A͒. Shown is also structure ͑C͒, which is even higher in energy, and has a different spectrum. Nevertheless, this is an interesting structure worth discussing. It is related to the bulklike structures ͑B͒ for V 14 + and ͑A͒ for V 15 + . Experimentally, the spectrum of V 13 + is interesting: It is the only spectrum for cluster sizes between 3 and 15 atoms where we see peaks at wave numbers higher than 400 cm −1 ͓Fig. 16͑b͔͒. Such a high vibrational frequency can be a signature of a mode that involves a strongly bound atom. Our calculations for the centered structure ͑A͒ do predict a peak around 400 cm −1 , which is the highest frequency IR active mode that we calculate for any structure. Inspection of the calculated eigenvectors indicates that this mode is associated with the center atom. In a perfect icosahedron, the lengths of the bonds of the central atom are expected to be about 5% shorter than the bonds among the surrounding atoms, which leads to an increase of the stiffness. We actually find that this center atom is not symmetrically in the middle of the structure; in fact, several of its bonds are much shorter than its average bond length ͑by Ϸ10%͒. This increased stiffness could be the reason for the high frequency mode. In addition, we find a strong peak just above 350 cm −1 , that can be matched with the experimental peak just below 350 cm −1 , and one additional weaker peak around 220 cm −1 , that is also seen experimentally. A double peak around 380 cm −1 is found for isomer ͑B͒, but this is quite strongly shifted in comparison to the experimental double peak.
The experimental peaks around 420 cm −1 are not reproduced by any of the calculated isomers. The most likely match is structure ͑A͒, but as indicated, we only find one peak at large frequencies above 400 cm −1 , and even that single peak is calculated with far less intensity. We have also verified that structure ͑A͒ with higher spin states does not have a lower ground state energy, as it has been suggested, for example, for lithium clusters. 38, 39 M. Results and discussion for V 14
+
The experimental spectrum of V 14 + shows much more structure than the spectra for V 13 + or V 15 + . Just in the range between 140 and 250 cm −1 at least seven intense peaks can be identified. This high number of IR active modes suggests a lower symmetry for V 14 + in comparison to the neighboring sizes ͑or the presence of several isomers͒. As discussed before ͑cf. Sec. IV L͒, the structure for V 13 + might be the ͑slightly distorted͒ icosahedron. As will be discussed below, we suggest that V 15 + has the structure of a bulklike capped cube. These are both highly symmetric structures. The structure of V 14 + might then be related to either of these structure by simply adding or removing a V atom, respectively. We also find that similar to V 13 + , a rather high frequency mode appears.
In our calculations for V 14 + , two structures emerge, that are shown in Fig. 17͑a͒ . Structure ͑A͒ is a cagelike structure that can be described as follows: it is a stack of a hexagon and a pentagon, with two additional atoms above and below, and one more in the center. Structure ͑B͒ is very bulklike: the basic elements of this structure are a body-centered cube ͑8 + 1 atoms͒, plus five additional atoms that form tetragonal pyramids on five of the six faces of the cube. Both structures are related to the highly symmetric structures ͑A͒ and ͑B͒ we find for V 15 + . The difference is that for structure ͑A͒, one hexagon is replaced by a pentagon, and that for structure ͑B͒ there is one outside atom less ͓compared to structure ͑A͒ for V 15 + ͔. Both structures include a central atom.
All the spectra calculated for structures ͑A͒ and ͑B͒ with spins S =1/2 and 3/2 exhibit a number of peaks between 170 cm −1 and 270 cm −1 , which can be matched to the large number of peaks in the experimental spectrum between 140 cm −1 and 250 cm −1 . Therefore, we will focus the comparison on the features at higher frequencies: The experimental spectrum has a peak at 330 cm −1 , and a broader peak between 370 cm −1 and 380 cm −1 , which most likely is a double peak. Structures ͑A͒ and ͑B͒ for both spin values exhibit 3 peaks above 300 cm −1 . We verified that similar to V 13 + , the highest frequency mode corresponds to a vibration of the central atom ͑for both structures͒. The spectrum of structure ͑A͒ also agrees qualitatively in the low frequency region. Here, relative intensities differ between experiment and theory. Nonetheless, based on the overall good agreement, structure ͑A͒ is the isomer that is most likely observed in the experiment. shows very few peaks. This is an indication for a highly symmetric structure. Our calculations suggest two structures that are shown in Fig. 18͑a͒ and that are indeed very symmetric. Structure ͑A͒ is a bulklike structure, consisting of a body-centered cube ͑8 + 1 atoms͒ plus 6 more atoms forming tetragonal pyramid above each face. Structure ͑B͒ consists of two hexagons that are rotated with a center atom and two more atoms above and below ͑forming hexagonal pyramids͒. The energy difference between structures ͑A͒ and ͑B͒ for spin S = 0 is rather small, only about 0.13 eV.
The spectra for both isomers have a peak just below 350 cm −1 , that matches an experimental peak at 355 cm −1 . Structure ͑A͒ then also exhibits another ͑weaker͒ peak around 385 cm −1 , while structure ͑B͒ has two more peaks to the high-frequency side between 350 cm −1 and 370 cm −1 . The experimental spectrum has a second strong peak at 379 cm −1 . This is a rather narrow, well-defined peak, and does not appear to be a double peak. The agreement with the spectrum of the bulklike structure ͑A͒ is slightly better, but we cannot say this with certainty. Both, structures ͑A͒ and ͑B͒ exhibit a few peaks with low intensities below 300 cm −1 that match the experimental peaks at 213 cm −1 and 231 cm −1 .
V. CONCLUSIONS
We have shown that the atomic structure of small metal clusters can be identified by a comparison of experimental far infrared spectra with vibrational spectra calculated with DFT. We have presented systematic results for cationic vanadium clusters in the size range from 3 to 15 atoms. For most clusters, we were able to identify the atomic structure of the cluster. In particular, we have shown that knowledge of the ground state energy alone is not enough. In some cases ͑such as V 5 + ͒ it appears that the structure that is observed in the experiment is actually not the one that has the lowest energy in the calculations. In several other cases, the energy difference between different structures is very small, and in fact negligible within the accuracy of a DFT calculation, so that an unambiguous identification of the structure based on energetic arguments is not possible. However, comparison of the calculated vibrational spectra with the experimentally measured IR spectra does allow for the identification of the atomic structure. In some cases ͑such as V 12 + ͒, it appears that the observed experimental spectrum is not the result of just one isomer, and that in fact several different atomic structures might be present.
For clusters with 13 and more vanadium atoms, a significant change occurs in the high wave number range of the spectra, that can be correlated with a structural transition. Clusters up to size 12 only consist of surface atoms. Starting at size 13, the structure of the cluster includes a central atom. This central atom is bound stronger than the other atoms, leading to a higher vibrational frequency. As the cluster size increases, the structures are less constrained. Thus, they weaken their bonds to the central atom, which affects the respective bond length and leads to a slight lowering of the frequency of the highest frequency mode observed. Close inspection of the eigenvectors reveals that for clusters of sizes 13-15, the highest frequency mode does indeed involve a vibration of the central atom.
For a few cluster sizes, we have not been able to unambiguously identify the atomic structure. This problem becomes more serious as the cluster size increases. For larger clusters, mixtures of isomers can be present in the experiment and, on the other hand, theory can miss relevant structures. Ultimately, more sophisticated computational schemes are required to test a large number of different structures, with different distortions and different spin states. Neverthe- FIG. 18 . Results for V 15 + . ͑a͒ Schematic representation of the two most stable structures ͑A͒-͑B͒; ͑b͒ the spectrum measured experimentally; ͑c͒ the spectrum calculated for the structures ͑A͒, ͑B͒, and ͑AЈ͒. The energy differences shown are in eV. less, the work described in this paper provides one step further in the computational prediction and identification of the atomic structure of small metal clusters. We believe that it is straightforward to extend this approach to other types of nanoparticles, and that much new insight on the size dependent evolution of cluster properties can be gained.
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APPENDIX: CONVERGENCE TESTS FOR THE DMOL
CODE
DMOL 3 is an all-electron DFT code that uses atomic orbitals as a basis set. 40 For all calculations presented, a basis set consisting of 24 basis functions was used. Convergence tests of the total energy and the vibrational frequency of a ͑neu-tral͒ vanadium dimer with respect to the number and character of the basis functions are shown in Table II . Convergence test 5 includes the 4s, 4p, and 3d orbitals, and is referred to as basis set all in the code. Including a smaller number of orbitals ͑convergence tests 1-4͒ does not appear to be sufficient. On the other hand, the change in total energy and frequency is rather small when more orbitals are added to the basis set ͑convergence tests 6 and 7͒. We have also tried adding completely different orbitals: Adding the 4s, 4p, and 3d orbitals of Ti gives 33 basis functions ͑test 8͒. The total energy only changes by about 20 meV, and the frequency changes by no more than 2%. Note that the energy given is the total energy of the dimer. The effect of the basis set on energy differences will be substantially smaller, so that a basis set consisting of 24 basis functions per atom ͑test 5͒ is sufficient to describe vanadium.
The basis functions are truncated at a real space cut-off radius of 12 bohrs. Convergence with respect to this cutoff radius is shown in Table III To numerically evaluate the required matrix elements a dense grid of integration points in real space has been used. 40 The grid points for the numerical integration are arranged on atom-centered spheres ͑with logarithmic spacing͒ according to the scheme suggested by Lebedev. 41 The mesh parameter determines the number of spheres, and convergence with respect to this parameter is shown in Table IV . A mesh parameter of 1.6 has been used for all calculations in this paper, which corresponds to 65 spheres for each vanadium atom. We have also tested that a sufficiently large number of integration points on, each sphere are used, and we have used 11 912 integration points per vanadium atom. 
